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Abstract
The use of planar-chiral heterocycle ligands as catalysts for the asymmetric
addition of organozinc reagents to aldehydes and ketones is reported. The use of
DAIB as a catalyst for the asymmetric addition of diphenylzinc to ketones is
described.
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I. Introduction.
Many synthetically important reactions lend themselves to asymmetric
catalysis by metal catalysts bearing optically active ligands. The asymmetric
epoxidation of olefins, 1,2 reduction of functionalized ketones, 3 and hydrogenation of
allylic alcohols4 are examples in which significant success has been achieved.
However, no successful asymmetric catalyst has been developed for most metal-
catalyzed reactions.
This study of planar-chiral heterocycles as ligands in asymmetric catalysis is
part of the Fu group's ongoing development of applications of this family of
compounds. Initial studies in this area, carried out by Craig Ruble, focused on
azaferrocene and its derivatives. The electronic and steric properties of T15-pyrrole-
based planar-chiral ligands can be adjusted to fit the requirements of a given
reaction by altering the substituent at the 2-position of pyrrole ring or by choosing a
different metal fragment. Ruble found that 7r5-pyrrolyl iron complexes (1) in which
the spectator ligand was cyclopentadienyl are too unstable to be useful in
asymmetric catalysis, a problem he solved by replacing the cyclopentadienyl ring
with a pentamethylcyclopentadienyl ring.5
R
Fe
In studies of azaferrocene derivatives and related compounds, performed by
Craig Ruble and Dr. Hallie Latham, several planar-chiral nucleophilic catalysts were
developed and shown to serve as catalysts for the kinetic resolution of secondary
alcohols by enantioselective acylation. Complex 2 has been shown to be an
especially effective nucleophilic catalyst for this class of enantioselective acylations
(eq 1). 5,6 Other studies utilizing planar-chiral heterocycles as nucleophilic catalysts
are underway in the group.
0
OH O O 2 mol% (-)-2 O Me
RU RA Me 0 Me NEt3, Et2O, r.t. RU' RA
racemic Ru = unsaturated group
RA = alkyl group
k (fast-reacting enantiomer)
= s = 12 to 52 (10 substrates)
k (slow-reacting enantiomer)
Me2 N
R Fe R
R
(-)-2 R = Ph
II. Enantioselective Addition of Organozinc Reagents to Aldehydes.
While it had previously been shown that planar-chiral heterocycles were
capable of serving as asymmetric nucleophilic catalysts, their ability to serve as
ligands in asymmetric catalysis had not yet been the focus of extensive investigation.
The enantioselective addition of organozinc reagents to aldehydes catalyzed by
planar-chiral azaferrocene derivatives was studied as a test case.
A wide variety of P-aminoalcohols have been shown to catalyze the
asymmetric addition of diethylzinc to aldehydes.7 It was hoped that the planar-
chiral P-aminoalcohol 3a, an intermediate in the synthesis of one of the catalysts
used in the kinetic resolution of secondary alcohols,5 would be able to serve as an
effective catalyst for this reaction. Initial reactions, performed by Craig Ruble,
showed that (-)-3a does catalyze the addition of diethylzinc to benzaldehyde, but
only affords (S)-l-phenyl-l-propanol with modest enantioselectivity (51% ee; eq 2).8
C CH2O R
Me Fe Me
Me Me
Me
3
(+)-3a R = H
(-)-3b CH2CPh 2OH
0 OHS3 mol% (-)-3a p.Et (2)
Ph , H toluene, r.t. Ph Et
51% ee
In the hope that increasing the steric bulk at the carbon bearing the alcohol
would lead to a more effective catalyst, P-aminoalcohol 4 was synthesized (eq 3) and
resolved by semi-preparative chiral HPLC. However, this complex was found to be
an ineffective catalyst for the asymmetric addition of diethylzinc to benzaldehyde,
affording 1-phenyl-1-propanol with only low enantioselectivity (eq 4).
CMe 20H
1) (CsMes)Li N
FeCI 2 2) Li O Me Fe Me (3)
Me Me2)\ Me Me Me
4
3 mol% 4 (4)
PVh H ZnEt 2  toluene, r.t. Ph Et
26% ee
After the unsuccessful attempt to enhance enantioselectivity by trying a
different P-aminoalcohol, we chose to follow the example of Hoshino. Hoshino
found that alkylating a chiral pyridyl alcohol with 1,1-diphenyloxirane affords an
alcohol that catalyzes the addition of diethylzinc to benzaldehyde both faster and
with higher enantioselectivity than the parent P-aminoalcohol. 9 Using a procedure
similar to that of Hoshino, 3a was alkylated with 1,1-diphenyloxirane to afford 3b
(eq 5). (-)-3b catalyzes the addition of diethylzinc to benzaldehyde to afford (S)-l-
phenyl-1-propanol with good enantioselectivity (90% ee; eq 6). The
enantioselectivity of the addition was found to be relatively insensitive to
temperature, varying by only 3% in the range between 0 and 50 'C. When solvents
other than toluene were used (hexane, trifluorotoluene, and ether), only a small
variation in enantioselectivity was observed.
S O OH
Me Fe Me
Me- Me
Me
(+)-3a
7< Ph
0 Ph
KH
DMF, 50 oC
53%
Me Fe Me
Me MI
Me
(-)-3b
HO Ph
HO Ph (5)
0
ph, LH ZnEt2
1.2 equiv
3 mol% (-)-3b
toluene, r.t.
88%
OH
Ph Et
90% ee
There have been several notable examples of asymmetric amplification
associated with the addition of organozinc reagents to aldehydes.' 0 These findings
led us to conduct our own asymmetric amplification study, which established that
when 2b is used to catalyze this process, no asymmetric amplification is observed
(Figure 1).
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Figure 1. Product ee as a function of catalyst ee for the reaction of benzaldehyde
with ZnEt 2 in the presence of 3 mol% of 3b.
We have found that 3b is capable of catalyzing the addition of diethylzinc to a
range of 4-substituted benzaldehydes with high enantioselectivity (eq 7). However,
as is the case with most other chiral catalysts for diethylzinc addition reported in the
literature, 7 lower enantioselectivity is observed when an aliphatic aldehyde is used
as a substrate (eq 8).
O OH
XH ZnEt2 3 mol% (-)-3b X Et (7)H ZnEt2  toluene, r.t. E (
X % ee Yield (%)
F 89 91
Cl 90 94
H 90 88
OMe 86 94
3 mol% (-)-3b n-Hex OH (8)
n-Hex H ZnEt 2  toluene, r.t. Hex Et (8)
86% 63% ee
Catalyst 3b is also capable of catalyzing the enantioselective addition of other
organozinc reagents to aldehydes. When dimethylzinc is reacted with benzaldehyde
in the presence of (-)-3b, (S)-l-phenylethanol is formed with good enantioselectivity
(83% ee; eq 9). The addition of diphenylzinc to 4-chlorobenzaldehyde catalyzed by
3b proceeds with moderate enantioselectivity (56% ee; eq 10). To the best of our
knowledge, this is the first example of the enantioselective addition of discrete
diphenylzinc to an aldehyde.7
6 mol% (-)-3b (9)
Ph ZnMe 2  toluene, r.t. Ph Me
82% 83% ee
O OH
H ZnPh 3 mol% (-)-3b Ph (10)
toluene, r.t.
CI 99% CI
56% ee
III. Enantioselective Addition of Organozinc Reagents to Ketones
A wide array of highly effective catalysts have been developed for the
enantioselective addition of organometallic reagents to aldehydes.11,12 However, to
the best of our knowledge there have been no reports of efficient catalytic
asymmetric addition of organometallic reagents to ketones.13 During our study of
the use of planar-chiral heterocycles as ligands in metal-catalyzed processes, we
found that 3b catalyzes the addition of diphenylzinc to 2-acetonaphthone (eq 11).
Unfortunately, even after considerable optimization of this reaction, the addition still
occurred with only moderate yield and enantioselectivity. We therefore sought to
find a more effective catalyst for this reaction.
0 Ph OH
N10 mol% (-)-3b (11)
e ZnPh2 toluene, 0 Ce (11)
4 days N
48% 49% ee
In pioneering studies, Noyori has demonstrated that DAIB is a remarkably
efficient catalyst for the asymmetric addition of ZnEt2 to aldehydes (eq 12).11 b,d We
sought to expand the scope of DAIB-catalyzed processes to include reactions of
ketones, and we focused our initial efforts on the addition of diphenylzinc to 2-
acetonaphthone. Although we observed a promising level of enantiomeric excess in
the desired tertiary alcohol (64% ee), the yield was disappointing (26% yield; eq
13).14 The predominant reaction product was ketone A, which is formed via an
aldol-dehydration-conjugate addition sequence.15
2 mol% (+)-DAIB
ZnEt2
ether / toluene, O oC
98 %
OH
Ph Et
99% ee
MeN
HO D = (+)-DAIB
HOM
Me
O0
- n Me
ZnPh
cat.
(+)-DAIB
toluene, r.t.
HO Ph
Me
<5% ee, 60% yield
With the expectation that an additive would alter the nature of the zinc
species in solution, we introduced MeOH to the reaction mixture. 16 We were
pleased to discover that the addition of 1.5 equiv of MeOH results in enhanced
enantioselectivity and in an improved yield of the desired tertiary alcohol (eq 14).
0
S Me ZnPh 2
3.5 equiv
cat. (+)-DAIB
toluene, r.t.
no MeOH
1.5 equiv MeOH
HO Ph
Me
64% ee (26% yield)
72% ee (58% yield)
In these DAIB-catalyzed addition processes, enolization of the ketone is a key
side reaction that is detrimental from the standpoints of yield and enantioselectivity.
Thus, whereas ZnPh2 reacts with 2-acetonaphthone to produce the tertiary alcohol
0
Ph-- H
(12)
64% ee
26% yield
(13)
(14)
in 58% yield and 72% ee (eq 14), it reacts with 2-acetonaphthone-d3 to afford the
tertiary alcohol in 87% yield and 86% ee (eq 15).
HO Ph
cat. (+)-DAIB CD3 (15)
toluene, r.t.
3.5 equiv
1.5 equiv MeOH 86% ee (87% yield)
We have explored the scope of DAIB-catalyzed reactions of ZnPh2 with
ketones, and we have established that for an array of substrates the additions
proceed with good to excellent enantioselectivity (eq 16, Table 1). In the case of aryl-
alkyl ketones (entries 1-5), increasing the steric bulk of the alkyl substituent leads to
both greater enantiomeric excess and higher yield (entries 1 vs. 4 and entries 2 vs. 5).
With respect to dialkyl ketones, we have determined that DAIB is an effective chiral
catalyst for the addition of ZnPh2 to isopropyl methyl ketone (entry 6) and to
cyclohexyl methyl ketone (entry 7). We have observed more modest, but
appreciable, enantioselectivity in the catalytic asymmetric addition of ZnPh2 to 2-
pentanone, a particularly challenging substrate (n-propyl vs. methyl; eq 17).
O 15 mol% (+)-DAIB HO Ph
a ZnPh 2  R1K2 (16)R R2  ZnPh toluene, r.t. R 2  (16)
3.5 equiv 1.5 equiv MeOH 60-91% ee
R' = aryl, seo-alkyl
R2 = n-alkyl
O HO Ph
Me" Me ZnPh2 15 mol% (+)-DAIB Me - Me (17)toluene, 0 OC
3.5 equiv 1.5 equiv MeOH 36% ee (74% yield)
Table 1. Enantioselective Addition of ZnPh2 to Ketones Catalyzed by (+)-DAIB (eq
16)
entry substrate % eea yield (%)
0
1 Me 72 (+) 58
2 N Me 80 (-) 53
Br
0
3 Me 91 (-) 91
Br
Me
5 rMe 90(-) 83
Br
0
6 Me. Me 60(+) 63
Me
7 Me 75 (+) 76
a The sign of rotation of the predominant
enantiomer is indicated in parentheses.
For entries 1, 4, and 7, the R isomer is
formed preferentially.
Noyori has reported that when the addition of ZnEt2 to benzaldehyde is
conducted in the presence of DAIB catalyst of only 15% ee, the product alcohol is
nevertheless generated with very high enantiomeric excess (95% ee); he attributed
this non-linear effect to the formation of a relatively unreactive dinuclear zinc
complex that sequesters a 1:1 mixture of DAIB enantiomers. 10 We have observed an
analogous, albeit less dramatic, non-linear dependence of product ee on catalyst ee
in DAIB-catalyzed additions of ZnPh2 to ketones (Figure 2).
O cat. DAIB
M(13 -- 100% ee)
Me ZnPh2
toluene, r.t.
Br 1.5 equiv MeOH
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Figure 2. DAIB-catalyzed addition of ZnPh2 to 4-bromopropiophenone: Non-linear
dependence of product ee on catalyst ee.
IV. Conclusion
The first use of planar chiral heterocycles as chiral ligands has been described. P-
aminoalcohols 3a and 4 proved to be only moderately effective at catalyzing the
enantioselective addition of diethylzinc to benzaldehyde. The tridentate ligand
(-)-3b catalyzes the addition of diethylzinc to benzaldehyde more effectively,
affording (S)-1-phenyl-1-propanol with good enantioselectivity (90% ee). 3b also
catalyzed the addition of diethylzinc to other aromatic aldehydes with good
enantioselectivity, while the addition of diethylzinc to an aliphatic aldehyde
proceeded with moderate enantioselectivity. The addition of dimethylzinc and
diphenylzinc to aromatic aldehydes catalyzed by 3b proceeded with moderate
enantioselectivity.
0 OH
H ZnEt2  3 mol% (-)-3b N Et& Zt toluene, r.t. -
X % ee Yield (%)
F 89 91
CI 90 94
H 90 88
OMe 86 94
The tridentate ligand 3b was also found to catalyze the addition of
diphenylzinc to a ketone, but only with moderate chemical yield and
enantioselectivity. The ligand DAIB was found to be capable of catalyzing this
addition, but the major product of this reaction was a side product formed via an
aldol-dehydration-conjugate addition sequence. When 1.5 equivalents of MeOH was
added to the reaction, the addition of diphenylzinc to 2-acetonaphthone proceeded
with significantly higher enantioselectivity and chemical yield.
O cat.
NI Me (+)-DAIB
toluene, r.t.
ZnPh2
HO Ph
,-C XMe 64% ee26% yield
<5% ee, 60% yield
0
R' R2
ZnPh 2
3.5 equiv
15 mol% (+)-DAIB
toluene, r.t.
1.5 equiv MeOH
R 1 = aryl, seo-alkyl
R2 = n-alkyl
HO Ph
R' R 2
60-91% ee
DAIB serves as an effective chiral catalyst for the addition of ZnPh2 to a
variety of aryl-alkyl and dialkyl ketones, providing good to excellent
enantioselectivity in the formation of a new quaternary stereocenter. As far as we
are aware, this represents the first method for the catalytic asymmetric addition of
an organometallic reagent to a ketone.
V. Experimental Section
General
Racemic and optically active 3a were prepared as previously reported.5
ZnEt2 (Aldrich), ZnMe2 (2.0 M in toluene; Aldrich), and ZnPh2 (Strem) were used
without further purification. Benzaldehyde (Fisher), 4-fluorobenzaldehyde
(Aldrich), p-anisaldehyde (Aldrich), and octanal (Wiley Organics) were purified by
distillation. 4-Chlorobenzaldehyde (Aldrich) was purified by flash chromatography
prior to use. Potassium hydride (35 wt. % dispersion in mineral oil; Aldrich) was
washed with hexanes and dried under vacuum. 1,1-Diphenylethylene oxide was
prepared by the method of Corey. 17
Optically active (+)- and (-)-3-exo-(N,N-dimethylamino)isoborneol (DAIB)
were prepared as previously reported. 18 2-Pentanone (Aldrich), 3-methyl-2-
butanone (Aldrich), and MeOH (Mallinckrodt) were purified by distillation. 2-
Acetonaphthone (Aldrich), 4-bromoacetophenone (Aldrich), 4-bromopropiophenone
(Aldrich), 3-bromopropiophenone (Lancaster), and acetylcyclohexane (Fluka) were
purified by flash chromatography prior to use. 2-Propionaphthone was prepared by
TPAP-catalyzed oxidation of 1-(2-naphthyl)-l-propanol, which in turn was prepared
by the addition of EtMgBr to 2-naphthaldehyde (Aldrich). 2-Acetonaphthone-d3
was prepared by dissolving 2-acetonaphthone in CH 3OD in the presence of a
catalytic amount of base (1H NMR showed 98% deuterium incorporation in the
methyl position).
Toluene was distilled from molten sodium. Dimethylformamide (EM
Science) was dried with molecular sieves and degassed with a flow of argon.
Analytical thin layer chromatography was performed using EM Reagents 0.25
mm silica gel 60 plates, and visualization was accomplished with potassium
permanganate or with ethanolic phosphomolybdic acid. Flash chromatography was
performed on EM Reagents silica gel 60 (230-400 mesh).
Analytical chiral HPLC was performed on either a Daicel CHIRALCEL OD
column (4.6 mm x 25 cm), a Daicel CHIRALCEL OB column (4.6 mm x 0.25 cm), or a
Daicel Chiralcel OJ column (4.6 mm x 25 cm). Analytical chiral GC was performed
on a Chiraldex B-PH column (20 m x 0.25 mm) or a Chiraldex G-TA column (20 m x
0.25 mm).
1H nuclear magnetic resonance spectra were recorded on a Varian Unity 300
NMR spectrometer, and 13C nuclear magnetic resonance spectra were recorded on a
Varian VXR-501 NMR spectrometer at ambient temperature. 1H data are reported
as follows: chemical shift in parts per million downfield from tetramethylsilane (8
scale), multiplicity (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, and m
= multiplet), integration, and coupling constant (Hz). 13C chemical shifts are
reported in ppm downfield from tetramethylsilane (8 scale). All 13C spectra were
determined with complete proton decoupling.
Infrared spectra were obtained on a Perkin-Elmer Series 1600 FT-IR
spectrophotometer. High resolution mass spectra were recorded on a Finnegan
MAT System 8200 spectrometer. Melting points were obtained on a Thomas Hoover
Unimelt capillary melting point apparatus.
All reactions were carried out under an atmosphere of nitrogen or argon in
oven-dried glassware with magnetic stirring, unless otherwise indicated.
-CH20R
Me Fe Me
Me Me
Me
3
(+)-3a R = H
(-)-3b CH2 CPh2OH
Synthesis and Resolution of Catalyst 3b. A solution of racemic 3a (187 mg,
0.65 mmol) in 10 mL of DMF was added by cannula to a Schlenk flask containing a
slurry of KH (74 mg, 1.8 mmol) in 10 mL of DMF. After 30 minutes, a solution of
1,1-diphenylethylene oxide (290 mg, 1.48 mmol) in 10 mL of DMF was added by
cannula. The solution was placed into a 50 OC oil bath. After 90 minutes, the
reaction was quenched with 150 mL of water and extracted with 150 mL of Et 20.
The Et 20 layer was then washed with 150 mL of brine, concentrated, and purified by
flash chromatography (20% EtOAc/hexanes --- 50 % EtOAc/hexanes), affording 166
mg (53%) of 3b as an orange solid.
1H NMR (CD2Cl 2) 8 7.1-7.4 (m, 10H), 4.91 (s, 1H), 4.68 (d, 1H, J = 12.0), 4.49
(d, 1H, J = 11.7), 4.20 (d, 1H, J = 1.8), 4.17 (s, 1H), 4.10 (d, 1H, J = 1.5), 4.03 (d, 1H, J =
9.9), 3.93 (d, 1H, J = 9.9), 1.86 (s, 15H). 13C NMR (CD2C12) 5 145.6, 128.5, 127.4, 126.9,
101.2, 93.1, 81.5, 78.1, 76.8, 74.2, 70.1, 53.8, 11.2. FTIR (KBr) 3084, 2966, 2907, 1449,
1378, 1261, 1220, 1091, 1049, 1026, 756, 699 cm-1. HRMS (EI, m/e) calcd for
C29H 33FeNO2 (M+) 483.1861, found 483.1860. mp = 157-158 'C (decomposition).
TLC (50% EtOAc/hexanes) Rf = 0.40.
The enantiomers of the product were separated using semi-preparative HPLC
(Daicel CHIRALCEL OD, 1 cm x 25 cm, isopropanol/hexanes 10:90, 2.5 mL/min).
Enantiomer (-)-3b (enantiomerically pure by analytical chiral HPLC) was collected
from 11.5 minutes to 13 minutes, and enantiomer (+)-3b ([Ca] 20D = +240 (c = 1.8,
toluene), enantiomerically pure by analytical chiral HPLC) was collected from 14
minutes to 16 minutes.
~iCMe 20H
1) (C5Me5)Li e
FeCI2  Li OL Me Fe Me
N) Me Me MeMe Me
4
Synthesis and Resolution of Catalyst 4. Pentamethylcyclopentadiene (1.70 g,
12.5 mmol) was placed into a 250 mL round bottom flask with 125 mL of THF. A
septum was added, and the flask was placed in an ice bath. n-BuLi (1.6 M in hexane,
7.8 mL, 12.5 mmol) was added dropwise by syringe to the flask. The flask was
removed from the ice bath and allowed to warm to room temperature.
In a second round bottom flask, 2-pyrrol-2-yl-propan-2-ol (1.55 g, 12.4 mmol,
synthesized by adding 2 equivalents of MeLi to pyrrole-2-carboxylic acid ethyl ester)
was dissolved in 50 mL of THF. A septum was added and the flask was placed in an
ice bath. n-BuLi (1.6 M in hexane, 15.6 mL, 25.0 mmol) was added dropwise by
syringe to the flask. The flask was removed from the ice bath and allowed to warm
to room temperature for 15 minutes.
FeC12 (1.61 g, 12.7 mmol) was added to a 500 mL round bottom flask,
followed by 50 mL of THF. A septum was added, and the flask was placed in an ice
bath. The flask containing the deprotonated pentamethylcyclopentadiene was also
placed in an ice bath. The LiCp* solution was added dropwise by cannula to the
flask containing the FeC12, resulting in a forest green solution that was allowed to
warm to room temperature for 15 minutes. The pyrrole solution was then added by
cannula, resulting in a reddish brown mixture.
After 90 minutes, 15 mL of water was added, causing rapid precipitation and
turning the mixture clear. The solution was run through a short column of silica,
yielding a clear orange solution which was then concentrated and purified by flash
chromatography (50% EtOAc/hexanes), affording (1.6 g, 41%) of product (small
amounts of impurities were present).
The enantiomers of the product were separated using semi-preparative HPLC
(Daicel CHIRALCEL OD, 1 cm x 25 cm, isopropanol/hexanes/DEA 1.5: 98.4: 0.1, 2.5
mL/min). As the separation was not baseline, fractions had to be taken (the saved
fractions were of greater than 99% ee by analytical chiral HPLC and were pure by
NMR).
1H NMR (CD 2C12) 5 4.78 (s, 1H), 3.76 (s, 2H), 3.27 (s, 1H), 1.78 (s, 15H), 1.74 (s,
3H), 1.50 (s, 3H).
Enantioselective Addition of Organozinc Reagents to Aldehydes
Table 2. Methods Used To Assay Enantiomeric Excess
Substrate ee Assay Conditions Retention Time Retention Time
of (R) Isomer of (S) Isomer
(min) (min)
OAc
GC 80 'C; 24.22 22.40
Et S E2.0 mL/min
Chiraldex B-PH
carrier gas flow
OH
GC 105 'C; 18.22 19.33
Et 2.0 mL/min
F Chiraldex B-PH (+)19 ()
carrier gas flow
OH
GC 115 °C; 37.15 39.28
Et 2.0 mL/min
Cl Chiraldex B-PH
carrier gas flow
OAc
GC 105 OC; 47.88 45.69
Et
2.0 mL/min
MeO Chiraldex B-PH
carrier gas flow
OAc
n-Heptyl Et GC 90 °C; 10.02 9.00
2.0 mL/min
Chiraldex B-PH (-)19 (+)
carrier gas flow
0 OH
I H _ Et
ZnEt2 Addition to Benzaldehyde Catalyzed by (-)-3a (eq 2). A solution of
(-)-3a (2.1 mg, 0.0073 mmol) in 3.0 mL of toluene was added by pipet to a vial
containing benzaldehyde (26.6 mg, 0.25 mmol). ZnEt 2 (31 gL, 0.30 mmol) was then
added dropwise by syringe to the vial. After stirring for 48 hours at room
temperature, the vial was opened to air, and 2.5 mL of 1 N HCI was added. The
mixture was extracted three times with Et 20, and the organic layer was concentrated
and purified by flash chromatography (20% Et20/pentane), affording 22.4 mg (66%)
of 1-phenyl-l-propanol. The alcohol was acylated with acetic anhydride, and GC
analysis of the resulting acetate showed a 51% ee of the (S) isomer.20
Using the same procedure, the addition of ZnEt2 to benzaldehyde catalyzed
by (+)-3a afforded a 64% yield of (R)-1-phenyl-1-propanol with a 51% ee.
ZnEt2 Addition to Benzaldehyde Catalyzed by 4 (eq 4). A solution of 4 (4.8
mg of the enantiomer that eluted faster off of the OD column, 0.015 mmol) in 2.0 mL
of toluene was added by pipet to a vial containing benzaldehyde (50 gL, 0.49 mmol).
ZnEt 2 (120 gL, 1.17 mmol) was then added dropwise by syringe to the vial. After
stirring for 24 hours at room temperature, the vial was opened to air, and 5.0 mL of 1
N HC1 was added. The mixture was extracted three times with Et 20, and the organic
layer was concentrated and purified by flash chromatography (20% Et20/pentane),
affording 62.3 mg (93%) of 1-phenyl-l-propanol. HPLC analysis showed a 26% ee of
the (S) isomer.
ZnEt 2 Addition to Benzaldehyde Catalyzed by (+)-3b (eq 6). A solution of
(+)-3b (3.6 mg, 0.0074 mmol) in 3.0 mL of toluene was added by pipet to a vial
containing benzaldehyde (26.5 mg, 0.25 mmol). ZnEt 2 (31 jiL, 0.30 mmol) was then
added dropwise by syringe to the vial. After stirring for 24 hours at room
temperature, the vial was opened to air, and 2.5 mL of 1 N HCI was added. The
mixture was extracted three times with Et20, and the organic layer was concentrated
and purified by flash chromatography (20% Et20/pentane), affording 28.8 mg (92%)
of 1-phenyl-l-propanol. The product was acylated with acetic anhydride, and GC
analysis of the resulting acetate showed a 90% ee of the (R) isomer.
Using the same procedure, the addition of ZnEt 2 to benzaldehyde catalyzed
by (-)-3b afforded a 92% yield of (S)-l-phenyl-l-propanol with an 89% ee.
Investigation of Product ee as a Function of Catalyst ee; ZnEt 2 Addition to
Benzaldehyde Catalyzed by Racemic 3b (Figure 1). A solution of racemic 3b (3.6
mg, 0.0074 mmol) in 3.0 mL of toluene was added by pipet to a vial containing
benzaldehyde (25.9 mg, 0.24 mmol). ZnEt2 (31 pL, 0.30 mmol) was then added
dropwise by syringe to the vial. After stirring for 24 hours at room temperature, the
vial was opened to air, and 2.5 mL of 1 N HC1 was added. The mixture was
extracted three times with Et 20, and the organic layer was concentrated and purified
by flash chromatography (20% Et 20/pentane), affording 31.5 mg (95%) of 1-phenyl-
1-propanol. The product was acylated with acetic anhydride, and GC analysis of the
resulting acetate showed a 0% ee.
Investigation of Product ee as a Function of Catalyst ee; ZnEt 2 Addition to
Benzaldehyde Catalyzed by (+)-3b of Intermediate Enantiomeric Purity (Figure 1).
A solution of (+)-3b (3.6 mg, 0.0074 mmol) with a 25% ee (determined by analytical
chiral HPLC) in 3.0 mL of toluene was added by pipet to a vial containing
benzaldehyde (26.4 mg, 0.25 mmol). ZnEt2 (31 gL, 0.30 mmol) was then added
dropwise by syringe to the vial. After stirring for 24 hours at room temperature, the
vial was opened to air, and 2.5 mL of 1 N HC1 was added. The mixture was
extracted three times with Et 20, and the organic layer was concentrated and purified
by flash chromatography (20% Et20/pentane), affording 29.5 mg (87%) of 1-phenyl-
1-propanol. The product was acylated with acetic anhydride, and GC analysis of the
resulting acetate showed an 18% ee of the (R) isomer.
Using the same procedure, the addition of ZnEt2 to benzaldehyde catalyzed
by (+)-3b with a 49% ee afforded a 90% yield of (R)-l-phenyl-l-propanol with a 41%
ee.
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ZnEt 2 Addition to 4-Fluorobenzaldehyde Catalyzed by (+)-3b (eq 7). A
solution of (+)-3b (3.6 mg, 0.0074 mmol) in 3.0 mL of toluene was added by pipet to
a vial containing 4-fluorobenzaldehyde (29.8 mg, 0.24 mmol). ZnEt2 (31 gpL, 0.30
mmol) was then added dropwise by syringe to the vial. After stirring for 24 hours at
room temperature, the vial was opened to air, and 2.5 mL of 1 N HCI was added.
The mixture was extracted three times with Et 20, and the organic layer was
concentrated and purified by flash chromatography (20% Et20/pentane), affording
31.8 mg (86%) of (+)-l-(4-fluorophenyl)-l-propanol. 19 GC analysis showed an 88%
ee.
Using the same procedure, the addition of ZnEt2 to 4-fluorobenzaldehyde
catalyzed by (-)-3b afforded a 96% yield of (-)-l-(4-fluorophenyl)-l-propanol with a
90% ee.
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ZnEt2 Addition to 4-Chlorobenzaldehyde Catalyzed by (+)-3b (eq 7). A
solution of (+)-3b (3.6 mg, 0.0074 mmol) in 3.0 mL of toluene was added by pipet to
a vial containing 4-chlorobenzaldehyde (34.0 mg, 0.24 mmol). ZnEt 2 (31 gL, 0.30
mmol) was then added dropwise by syringe to the vial. After stirring for 24 hours at
room temperature, the vial was opened to air, and 2.5 mL of 1 N HCI was added.
The mixture was extracted three times with Et 20, and the organic layer was
concentrated and purified by flash chromatography (20% Et20/pentane), affording
38.4 mg (93%) of 1-(4-chlorophenyl)-l-propanol. GC analysis showed an 88% ee.
The absolute configuration was determined to be (R) by optical rotation. 21
Using the same procedure, the addition of ZnEt2 to 4-chlorobenzaldehyde
catalyzed by (-)-3b afforded a 96% yield of (S)-l-(4-chlorophenyl)-l-propanol with a
91% ee.
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ZnEt2 Addition to p-Anisaldehyde Catalyzed by (+)-3b (eq 7). A solution of
(+)-3b (3.6 mg, 0.0074 mmol) in 3.0 mL of toluene was added by pipet to a vial
containing p-anisaldehyde (33.2 mg, 0.24 mmol). ZnEt2 (31 pL, 0.30 mmol) was then
added dropwise by syringe to the vial. After stirring for 24 hours at room
temperature, the vial was opened to air, and 2.5 mL of 1 N HCI was added. The
mixture was extracted three times with Et20, and the organic layer was concentrated
and purified by flash chromatography (20% Et20/pentane), affording 39.2 mg (97%)
of 1-(4-methoxyphenyl)-1-propanol. The product was acylated with acetic
anhydride, and GC analysis of the resulting acetate showed an 87% ee. The absolute
configuration was determined to be (R) by optical rotation.21
Using the same procedure, the addition of ZnEt2 to p-anisaldehyde catalyzed
by (-)-3b afforded a 92% yield of (S)-l-(4-methoxyphenyl)-l-propanol with an 85%
ee.
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ZnEt2 Addition to Octanal Catalyzed by (+)-3b (eq 8). A solution of (+)-2b (3.6 mg,
0.0074 mmol) in 3.0 mL of toluene was added by pipet to a vial containing octanal
(31.3 mg, 0.24 mmol). ZnEt2 (31 pL, 0.30 mmol) was then added dropwise by
syringe to the vial. After stirring for 24 hours at room temperature, the vial was
opened to air, and 2.5 mL of 1 N HCI was added. The mixture was extracted three
times with Et 2 0, and the organic layer was concentrated and purified by flash
chromatography (15% Et20/pentane), affording 34.4 mg (89%) of (-)-3-decanol. The
product was acylated with acetic anhydride, and GC analysis of the resulting acetate
showed a 63% ee.
Using the same procedure, the addition of ZnEt2 to octanal catalyzed by (-)-
3b afforded a 84% yield of (+)-3-decanol with a 63% ee.
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ZnMe2 Addition to Benzaldehyde Catalyzed by (+)-3b (eq 9). A solution of
(+)-3b (7.2 mg, 0.015 mmol) in 1.0 mL of toluene was added by pipet to a vial
containing benzaldehyde (26.9 mg, 0.25 mmol). ZnMe2 (450 gpL of a 2.0 M solution in
toluene, 0.90 mmol) was then added dropwise by syringe to the vial. After stirring
for 72 hours at room temperature, the vial was opened to air, and 2.5 mL of 1 N HCI
was added. The mixture was extracted three times with Et20, and the organic layer
was concentrated and purified by flash chromatography (20% Et20/pentane),
affording 25.7 mg (83%) of 1-phenylethanol. GC analysis showed an 82% ee of the R
isomer.22
Using the same procedure, the addition of ZnMe2 to benzaldehyde catalyzed
by (-)-3b afforded an 80% yield of (S)-l-phenylethanol with an 84% ee.
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ZnPh 2 Addition to p-Chlorobenzaldehyde Catalyzed by (+)-3b (eq 10). A
solution of (+)-3b (3.6 mg, 0.0074 mmol) in 1.0 mL of toluene was added by pipet to
a vial containing ZnPh 2 (69.6 mg, 0.32 mmol). A solution of p-chlorobenzaldehyde
(34.7 mg, 0.25 mmol) in 2.0 mL of toluene was then added by pipet to the vial. After
stirring for 24 hours at room temperature, the vial was opened to air, and 2.5 mL of 1
N HCI was added. The mixture was extracted three times with Et 20, and the
organic layer was concentrated and purified by flash chromatography (20%
Et20/pentane), affording 53.6 mg (99%) of p-chlorobenzhydrol. HPLC analysis
showed a 58% ee. The absolute configuration was determined to be (R) by optical
rotation.23
Using the same procedure, the addition of ZnPh 2 to p-chlorobenzaldehyde
catalyzed by (-)-3b afforded a 98% yield of (S)-p-chlorobenzhydrol with a 55% ee.
Enantioselective Addition of Organozinc Reagents to Ketones
Table 3. Methods Used To Assay Enantiomeric Excess
[Baseline resolution of peaks was observed in all cases.]
Substrate ee Assay Conditions Retention Time Retention Time
of (+) Isomer of (-) Isomer
(min) (min)
HO Ph HPLC 2% 42.6 36.6
Me i-PrOH/hexane
M Chiralcel OD 1.0 mL/min
HO Ph HPLC 3% 34.4 30.9
Me i-PrOH/hexane
Me Chiralcel OJ 1.0 mL/min
Br
HO Ph HPLC 2% 23.0 31.4
Me i-PrOH/hexane
Chiralcel OJ 1.0 mL/min
Br
HO Ph HPLC 2% 41.9 29.3
Me i-PrOH/hexane
Chiralcel OD 1.0 mL/min
HO Ph HPLC 2% 23.6 20.2
Me i-PrOH/hexane
Chiralcel OD 1.0 mL/min
Br
HO Ph GC 120 'C; 6.2 6.5
Me Me  0.8 mL/minMe Chiraldex G-TA carrier gas flow
HO Ph GC 140 'C; 14.9 15.4
Me 0.8 mL/min
Chiraldex G-TA carrier gas flow
HO Ph GC 110 °C; 10.9 11.4
Me -- Me 0.8 mL/min
Chiraldex G-TA carrier gas flow
The identity of each tertiary alcohol product was confirmed by comparison
with literature data (when available) and by comparison with a racemic sample
prepared by the addition of PhLi to the appropriate ketone.
0 HO Ph 0 Me Ph
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ZnPh2 Addition to 2-Acetonaphthone Catalyzed by (-)-DAIB (eq 13).
Toluene (1.5 mL) was added by syringe to a vial containing (-)-DAIB (7.6 mg, 0.039
mmol) and ZnPh2 (106 mg, 0.484 mmol). After stirring for 15 min at r.t., a solution
of 2-acetonaphthone (43.6 mg, 0.256 mmol) in 1.5 mL of toluene was added by
syringe. After stirring for 48 h at r.t., the reaction was exposed to air, and 3.0 mL of 1
N HCI was added. The mixture was extracted three times with Et20, and the
organic layer was concentrated and purified by flash chromatography (20%
Et20/pentane), which afforded 16.4 mg (26%) of (-)-1-(2-naphthyl)-1-
phenylethanol. 24 HPLC analysis showed a 65% ee. The major product of this
reaction was A (60%), HPLC analysis of which showed <5% ee. A small amount of
the aldol/dehydration product was also isolated (4%); treatment of this enone with
ZnPh 2 for 48 h led to the formation of A.
Repeating the same procedure, the addition of ZnPh 2 to 2-acetonaphthone
catalyzed by (-)-DAIB afforded a 25% yield of (-)-l-(2-naphthyl)-l-phenylethanol
with a 64% ee.
1H NMR (CDC13) of the tertiary alcohol: 8 7.96 (m, 1H), 7.70-7.90 (m, 3H),
7.35-7.50 (m, 5H), 7.20-7.35 (m, 3H), 2.28 (s, 1H), 2.04 (s, 3H). 13C NMR (CDCl3 ) 8
147.7, 145.2, 133.0, 132.4, 128.24, 128.21, 127.9, 127.5, 127.0, 126.1, 125.9, 124.9, 123.7,
76.4, 30.7.
1H NMR (CDC13 ) of A: 8 8.25 (m, 1H), 7.1-7.9 (m, 18H), 4.03 (s, 2H), 2.07 (s,
3H). 13C NMR (CDC13) 8 198.4, 148.6, 146.2, 135.5, 135.3, 133.1, 132.3, 131.8, 129.6,
129.5, 128.2, 128.12, 128.10, 128.0, 127.8, 127.6, 127.4, 127.3, 126.6, 126.5, 126.1, 126.0,
125.6, 124.8, 123.8, 49.1, 46.1, 27.9. HRMS (EI, m/e) calcd for C30H 240 (M+) 400.1827,
found 400.1826.
ZnPh 2 Addition to 2-Acetonaphthone Catalyzed by (-)-3b (eq 11). Toluene
(1.5 mL) was added by syringe to a vial containing (-)-3b (6.1 mg, 0.013 mmol),
ZnPh 2 (40.6 mg, 0.185 mmol) and 2-acetonaphthone (21.5 mg, 0.126 mmol). The
reaction was left at 0 OC for 4 days, at which point the reaction was exposed to air,
and 3.0 mL of 1 N HCI was added. The mixture was extracted three times with
Et 20, and the organic layer was concentrated and purified by flash chromatography
(20% Et20/pentane), which afforded 15.2 mg (48%) of (-)-l-(2-naphthyl)-l-
phenylethanol. HPLC analysis showed a 49% ee.
ZnPh2 Addition to 2-Acetonaphthone Catalyzed by (-)-DAIB with Added
MeOH (eq 14; Table 1, entry 1). Toluene (1.5 mL) was added by syringe to a vial
containing (-)-DAIB (7.6 mg, 0.039 mmol) and ZnPh 2 (192 mg, 0.873 mmol). After
stirring for 5 min at r.t., MeOH (16 gpL, 0.40 mmol) was added dropwise by syringe.
Ten minutes later, a solution of 2-acetonaphthone (43.5 mg, 0.256 mmol) in 1.5 mL of
toluene was added by syringe. After stirring for 48 h at r.t., the reaction was
exposed to air, and 3.0 mL of 1 N HCI was added. The mixture was extracted three
times with Et2 0, and the organic layer was concentrated and purified by flash
chromatography (20% Et20/pentane), which afforded 36.8 mg (58%) of (-)-1-(2-
naphthyl)-l-phenylethanol ([X] 20D = -15° (c = 1.8, CH 2C12)). HPLC analysis showed
a 71% ee.
Using the same procedure, the addition of ZnPh 2 to 2-acetonaphthone
catalyzed by (+)-DAIB afforded a 57% yield of (+)-l-(2-naphthyl)-l-phenylethanol
with a 72% ee.
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ZnPh 2 Addition to 2-Acetonaphthone-d3 Catalyzed by (-)-DAIB with
Added MeOH (eq 15). Toluene (1.5 mL) was added by syringe to a vial containing
(-)-DAIB (7.6 mg, 0.039 mmol) and ZnPh2 (191 mg, 0.870 mmol). After 5 min of
stirring at r.t., MeOH (16 IL, 0.40 mmol) was added dropwise by syringe. Ten
minutes later, a solution of 2-acetonaphthone-d3 (43.6 mg, 0.252 mmol) in 1.5 mL of
toluene was added by syringe. After stirring for 48 h at r.t., the reaction was
exposed to air, and 3.0 mL of 1 N HC1 was added. The mixture was extracted three
times with Et20, and the organic layer was concentrated and purified by flash
chromatography (20% Et20/pentane), which afforded 55.5 mg (88%) of (-)-1-(2-
naphthyl)-l-phenylethanol-d3. HPLC analysis showed an 87% ee.
Repeating the same procedure, the addition of ZnPh2 to 2-acetonaphthone-d3
catalyzed by (-)-DAIB afforded an 86% yield of (-)-l-(2-naphthyl)-l-phenylethanol-
d3 with an 86% ee.
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ZnPh 2 Addition to 4-Bromoacetophenone Catalyzed by (-)-DAIB with
Added MeOH (Table 1, entry 2). Toluene (1.5 mL) was added by syringe to a vial
containing (-)-DAIB (7.5 mg, 0.038 mmol) and ZnPh2 (191 mg, 0.871 mmol). After
stirring for 5 min at r.t., MeOH (16 gL, 0.40 mmol) was added dropwise by syringe.
Ten minutes later, a solution of 4-bromoacetophenone (50.5 mg, 0.254 mmol) in 1.5
mL of toluene was added by syringe. After stirring for 48 h at r.t., the reaction was
exposed to air, and 3.0 mL of 1 N HCI was added. The mixture was extracted three
times with Et 20, and the organic layer was concentrated and purified by flash
chromatography (20% Et20/pentane), which afforded 36.7 mg (52%) of (+)-1-(4-
bromophenyl)-l-phenylethanol ([a]20 D = +8.00 (c = 1.2, CH 2C12)).25 HPLC analysis
showed an 80% ee.
Using the same procedure, the addition of ZnPh2 to 4-bromoacetophenone
catalyzed by (+)-DAIB afforded a 54% yield of (-)-l-(4-bromophenyl)-1-
phenylethanol with a 79% ee.
1H NMR (CDC13) 8 7.2-7.5 (m, 9H), 2.15 (s, 1H), 1.92 (s, 3H). 13C NMR
(CDC13) 8 147.4, 147.1, 131.2, 128.3, 127.7, 127.2, 125.8, 120.9, 75.9, 30.8.
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ZnPh2 Addition to 3-Bromopropiophenone Catalyzed by (-)-DAIB with
Added MeOH (Table 1, entry 3). Toluene (1.5 mL) was added by syringe to a vial
containing (-)-DAIB (7.5 mg, 0.038 mmol) and ZnPh2 (191 mg, 0.870 mmol). After
stirring for 5 min at r.t., MeOH (16 gL, 0.40 mmol) was added dropwise by syringe.
Ten minutes later, a solution of 3-bromopropiophenone (54.0 mg, 0.253 mmol) in 1.5
mL of toluene was added by syringe. After stirring for 48 h at r.t., the reaction was
exposed to air, and 3.0 mL of 1 N HCI was added. The mixture was extracted three
times with Et20, and the organic layer was concentrated and purified by flash
chromatography (15% Et20/pentane), which afforded 66.9 mg (91%) of (+)-1-(3-
bromophenyl)-l-phenylpropan-l-ol ([a]20D = +340 (c = 0.6, CH 2Cl2)). HPLC analysis
showed a 91% ee.
Repeating the same procedure, the addition of ZnPh2 to 3-
bromopropiophenone catalyzed by (-)-DAIB afforded a 91% yield of (+)-1-(3-
bromophenyl)-l-phenylpropan-l-ol with a 91% ee.
1H NMR (CDC13) 6 7.6 (m, 1H), 7.1-7.4 (m, 8H), 2.28 (q, J = 7.3, 2H), 2.08 (s,
1H), 0.86 (t, 3H, J = 7.3). 13C NMR (CDC13) 8 149.2, 146.2, 129.8, 129.6, 129.2, 128.3,
127.1, 126.0, 124.8, 122.4, 78.1, 34.3, 8.0. FTIR (KBr) 3568, 3465, 3060, 2972, 2878, 1951,
1879, 1811, 1592, 1564, 1470, 1349, 1167, 1074, 975, 700, 598 cm-1. HRMS (EI, m/e)
calcd for C15H15OBr (M+) 290.0307, found 290.0307.
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ZnPh 2 Addition to 2-Propionaphthone Catalyzed by (-)-DAIB with Added
MeOH (Table 1, entry 4). Toluene (1.5 mL) was added by syringe to a vial
containing (-)-DAIB (7.5 mg, 0.038 mmol) and ZnPh2 (193 mg, 0.877 mmol). After
stirring for 5 min at r.t., MeOH (16 pL, 0.40 mmol) was added dropwise by syringe.
Ten minutes later, a solution of 2-propionaphthone (46.7 mg, 0.253 mmol) in 1.5 mL
of toluene was added by syringe. After stirring for 48 h at r.t., the reaction was
exposed to air, and 3.0 mL of 1 N HCI was added. The mixture was extracted three
times with Et2 0, and the organic layer was concentrated and purified by flash
chromatography (15% Et20/pentane), which afforded 53.2 mg (80%) of (+)-1-(2-
naphthyl)-l-phenylpropanol ([ox] 20D = +2.50 (c = 4.9, CH 2C12)).26 HPLC analysis
showed an 86% ee.
Using the same procedure, the addition of ZnPh 2 to 2-propionaphthone
catalyzed by (+)-DAIB afforded a 78% yield of (-)-l-(2-naphthyl)-l-phenylpropanol
with an 86% ee.
1H NMR (CDC13) 8 7.97 (m, 1H), 7.70-7.85 (m, 3H), 7.35-7.5 (m, 5H), 7.15-7.30
(m, 3H), 2.40 (q, 2H, J = 7.4), 2.16 (s, 1H), 0.90 (t, 3H, J = 7.4). 13C NMR (CDC13) 6
146.7, 144.1, 133.0, 132.3, 128.2, 128.1, 127.8, 127.4, 126.8, 126.2, 126.0, 125.8, 125.0,
124.2, 78.6, 34.2, 8.1.
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ZnPh 2 Addition to 4-Bromopropiophenone Catalyzed by (-)-DAIB with
Added MeOH (Table 1, entry 5). Toluene (1.5 mL) was added by syringe to a vial
containing (-)-DAIB (7.7 mg, 0.039 mmol) and ZnPh2 (191 mg, 0.868 mmol). After
stirring for 5 min at r.t., MeOH (16 gL, 0.40 mmol) was added dropwise by syringe.
Ten minutes later, a solution of 4-bromopropiophenone (54.4 mg, 0.255 mmol) in 1.5
mL of toluene was added by syringe. After stirring for 48 h at r.t., the reaction was
exposed to air, and 3.0 mL of 1 N HCI was added. The mixture was extracted three
times with Et20, and the organic layer was concentrated and purified by flash
chromatography (15% Et20/pentane), which afforded 64.9 mg (87%) of (+)-1-(4-
bromophenyl)-l-phenylpropan-l-ol ([a]20D = +110 (c = 2.9, CH 2 C12)).27 HPLC
analysis showed an 89% ee.
Using the same procedure, the addition of ZnPh2 to 4-bromopropiophenone
catalyzed by (+)-DAIB afforded a 79% yield of (-)-l-(4-bromo-phenyl)-l-phenyl-
propan-1-ol with a 90% ee.
1H NMR (CDC13) 8 7.2-7.5 (m,9H), 2.30 (q, 2H, J = 7.3), 2.08 (s, 1H), 0.88 (t, 3H,
J = 7.3). 13C NMR (CDC13) 8 164.4, 145.9, 131.1, 128.2, 128.0, 127.0, 126.0, 120.7, 78.2,
34.3, 8.0.
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ZnPh2 Addition to 3-Methyl-2-butanone Catalyzed by (-)-DAIB with
Added MeOH (Table 1, entry 6). Toluene (1.5 mL) was added by syringe to a vial
containing (-)-DAIB (7.5 mg, 0.038 mmol) and ZnPh2 (191 mg, 0.869 mmol). After
stirring for 5 min at r.t., MeOH (16 gL, 0.40 mmol) was added dropwise by syringe.
Ten minutes later, a solution of 3-methyl-2-butanone (21.9 mg, 0.254 mmol) in 1.5
mL of toluene was added by syringe. After stirring for 48 h at r.t., the reaction was
exposed to air, and 3.0 mL of 1 N HCI was added. The mixture was extracted three
times with Et20, and the organic layer was concentrated and purified by flash
chromatography (20% Et20/pentane), which afforded 26.8 mg (64%) of (-)-3-methyl-
2-phenyl-2-butanol ([a]20D = -160 (c = 2.7, CH 2C12)).28 GC analysis showed a 61% ee.
Using the same procedure, the addition of ZnPh 2 to 3-methyl-2-butanone
catalyzed by (+)-DAIB afforded a 62% yield of (+)-3-methyl-2-phenyl-2-butanol with
a 60% ee.
1H NMR (CDC13) 8 7.38-7.45 (m, 2H), 7.30-7.36 (m, 2H), 7.20-7.28 (m, 1H), 2.04
(sept, 1 H, J = 6.8), 1.66 (s, 1H), 1.53 (s, 3H), 0.89 (d, 3H, J = 6.7), 0.80 (d, 3H, J = 6.8).
13C NMR (CDC13) 5 147.8, 127.8, 126.4, 125.2, 77.8, 38.6, 26.7, 17.4, 17.2.
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ZnPh2 Addition to Acetylcyclohexane Catalyzed by (-)-DAIB with Added
MeOH (Table 1, entry 7). Toluene (1.5 mL) was added by syringe to a vial
containing (-)-DAIB (7.5 mg, 0.038 mmol) and ZnPh2 (191 mg, 0.868 mmol). After
stirring for 5 min at r.t., MeOH (16 gL, 0.40 mmol) was added dropwise by syringe.
Ten minutes later, a solution of acetylcyclohexane (31.4 mg, 0.249 mmol) in 1.5 mL of
toluene was added by syringe. After stirring for 48 h at r.t., the reaction was
exposed to air, and 3.0 mL of 1 N HCl was added. The mixture was extracted three
times with Et 20, and the organic layer was concentrated and purified by flash
chromatography (15% Et20/pentane), which afforded 36.6 mg (72%) of (-)-1-
cyclohexyl-1-phenylethanol ([oC] 20D = -160 (c = 1.8, CHCl3 )).29 GC analysis showed a
75% ee of the (S) isomer.30
Using the same procedure, the addition of ZnPh2 to acetylcyclohexane
catalyzed by (+)-DAIB afforded an 80% yield of (+)-l-cyclohexyl-l-phenylethanol
with a 75% ee.
1H NMR (CDC13 ) 8 7.35-7.45 (m, 2H), 7.25-7.35 (m, 2H), 7.20-7.25 (m, 1H),
1.55-1.80 (m, 6H), 1.52 (s, 3H), 0.85-1.25 (m, 6H). 13C NMR (CDC13 ) 8 147.9, 127.8,
126.3, 125.3, 76.6, 49.0, 27.4, 27.2, 26.8, 26.7, 26.6, 26.4.
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ZnPh 2 Addition to 2-Pentanone Catalyzed by (-)-DAIB with Added MeOH
at 0 OC (eq 17). Toluene (1.5 mL) was added by syringe to a vial containing (-)-DAIB
(7.5 mg, 0.038 mmol) and ZnPh2 (190 mg, 0.867 mmol). After stirring for 5 min at
r.t., MeOH (16 gL, 0.40 mmol) was added dropwise by syringe. Ten minutes later, a
solution of 2-pentanone (21.9 mg, 0.254 mmol) in 1.5 mL of toluene was prepared in
a second vial, and both vials were placed in a -30 'C freezer. After 20 minutes, the
solution containing the ketone was added by syringe to the vial containing the
catalyst. After stirring for 48 h at 0 OC, the reaction was exposed to air, and 3.0 mL of
1 N HCI was added. The mixture was extracted three times with Et 20, and the
organic layer was concentrated and purified by flash chromatography (20%
Et20/pentane), which afforded 32.2 mg (77%) of (-)-2-phenyl-2-pentanol ([oc] 20 D =
-3.1* (c = 3.2, methanol)).30 GC analysis showed a 36% ee of the (S) isomer.31
Using the same procedure, the addition of ZnPh2 to 2-pentanone catalyzed by
(+)-DAIB afforded a 72% yield of (+)-2-phenyl-2-pentanol with a 36% ee.
1H NMR (CDC13 ) 8 7.40-7.45 (m, 2H), 7.30-7.37 (m, 2H), 7.20-7.27 (m, 1H),
1.72-1.82 (m, 3H), 1.55 (s, 3H), 1.10-1.30 (m, 2H), 0.86 (t, 3H, J = 7.3). 13C NMR
(CDC13 ) 8 148.0, 128.1, 126.4, 124.7, 74.7, 46.5, 30.1, 17.3, 14.4.
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Investigation of Product ee as a Function of Catalyst ee: ZnPh 2 Addition to
4-Bromopropiophenone Catalyzed by (-)-DAIB of Intermediate Enantiomeric
Purity, with Added MeOH (Figure 2). 33% ee Experiment. Toluene (0.75 mL) was
added by syringe to a vial containing (-)-DAIB (500 gL of a 10.0 mg/mL solution in
toluene), (+)-DAIB (250 gL of a 10.0 mg/mL solution in toluene), and ZnPh2 (191
mg, 0.870 mmol). After 5 min of stirring at r.t., MeOH (16 gL, 0.40 mmol) was added
dropwise by syringe. Ten minutes later, a solution of 4-bromopropiophenone (54.4
mg, 0.255 mmol) in 1.5 mL of toluene was added by syringe. After stirring for 48 h
at r.t., the reaction was exposed to air, and 3.0 mL of 1 N HCI was added. The
mixture was extracted three times with Et 20, and the organic layer was concentrated
and purified by flash chromatography (15% Et 20/pentane), which afforded 50.1 mg
(67%) of (+)-l-(4-bromophenyl)-l-phenylpropan-l-ol. HPLC analysis showed a 52%
ee.
The same procedure was used for several more experiments involving (-)-
DAIB of intermediate enantiomeric purity:
* The addition of ZnPh2 to 4-bromopropiophenone catalyzed by (-)-DAIB
with a 13% ee afforded a 66% yield of (+)-l-(4-bromophenyl)-l-phenylpropan-l-ol
with a 25% ee.
* The addition of ZnPh 2 to 4-bromopropiophenone catalyzed by (-)-DAIB
with a 49% ee afforded a 79% yield with a 65% ee.
* The addition of ZnPh2 to 4-bromopropiophenone catalyzed by (-)-DAIB
with a 73% ee afforded an 81% yield with an 81% ee.
Determination of Absolute Configuration: Table 1, Entries 1 and 4
Br Br
HO, HO
Me Me
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Determination of Absolute Configuration of (+)-1-(2-Naphthyl)-1-(4-
bromophenyl)propan-l-ol. n-BuLi (8.00 mL, 13.1 mmol; 1.64 M solution in hexane)
was added by syringe to a flask containing 2-bromonaphthalene (2.73 g, 13.2 mmol)
in 100 mL of ether. After stirring for 30 min at r.t., the mixture was added to a
solution of 4-bromopropiophenone (2.87 g, 13.5 mmol) in 50 mL of ether. After
stirring for 1 h at r.t., the reaction was quenched with a saturated solution of
aqueous NaHCO 3. The mixture was extracted with Et 20, and the organic layer was
concentrated and then purified by flash chromatography (15% EtOAc/hexane),
which afforded racemic 1-(2-naphthyl)-l-(4-bromophenyl)propan-l-ol.
1H NMR (CDCl3) 8 7.97 (m, 1H), 7.70-7.90 (m, 3H), 7.30-7.55 (m, 7H), 2.40 (m,
2H), 2.16 (s, 1H), 0.90 (t, 3H, J = 7).
The enantiomers of the product were separated using semi-preparative HPLC
(Daicel CHIRALCEL OD, 1 cm x 25 cm, isopropanol/hexane 10:90, 2.5 mL/min).
The (+)-enantiomer (enantiomerically pure by analytical chiral HPLC) was collected
from 12 min to 17 min, and the (-)-enantiomer ([oc] 20D = -24' (c = 1.8, CH 2C 12),
enantiomerically pure by analytical chiral HPLC) was collected from 21 min to 27
min.
The potassium salt of (+)-l-(2-naphthyl)-l-(4-bromophenyl)propan-1-ol was
prepared by reaction of the alcohol with KH. Treatment with dibenzo-18-crown-6
and crystallization from ether/THF/pentane provided crystals suitable for X-ray
analysis. The absolute configuration (R)was determined through examination of the
Flack parameter. The complete X-ray report is included in the Appendix.
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Dehalogenation of (-)-l-(2-Naphthyl)-l-(4-bromophenyl)propan-1-ol. n-
BuLi (0.37 mL, 0.61 mmol; 1.64 M solution in hexane) was added by syringe to a
vessel containing (-)-l-(2-naphthyl)-l-(4-bromophenyl)propan-1-ol (99.0 mg, 0.290
mmol) in 10 mL of ether. After stirring for 30 min at r.t., the reaction was quenched
by the addition of 1 N HCI (5.0 mL). The mixture was extracted three times with
Et 2 0, and the organic layer was concentrated and then purified by flash
chromatography (20% Et20/pentane), which afforded (+)-l-(2-naphthyl)-l-
phenylpropan-1-ol. It can therefore be concluded that (-)-1-(2-naphthyl)-l-
phenylpropan-l-ol has the R configuration (Table 1, entry 4).
HQ Ph
0 I Me
(-) (+)
Addition of MeLi to (-)-l-Phenyl-l-(2-naphthyl)oxirane. The enantiomers of
racemic 1-phenyl-l-(2-naphthyl)oxirane 32 were separated by semi-preparative HPLC
(Daicel CHIRALCEL OD, 1 cm x 25 cm, isopropanol/hexanes 10:90, 2.5 mL/min).
The (-)-enantiomer (96% ee by analytical chiral HPLC; [cX] 20D = -29O (c = 2.5,
CH 2Cl2)) was collected from 9 min to 11 min, and the (+)-enantiomer was collected
from 11 min to 13 min.
1H NMR (CDCl3) 8 7.70-7.90 (m, 4H), 7.30-7.60 (m, 8H), 3.38 (dd, 2H).
MeLi (0.25 mL, 0.25 mmol; 1.0 M in 90/10 cumene/THF) was added by
syringe to a vessel containing (-)-l-phenyl-l-(2-naphthyl)oxirane (58 mg, 0.24 mmol)
in 10 mL of ether. After stirring at r.t. overnight, the reaction was quenched by the
addition of a saturated solution of aqueous NaHCO 3 (5 mL). The mixture was
extracted with Et 20, and the organic layer was concentrated and then purified by
flash chromatography (20% Et20/pentane), which afforded (+)-l-(2-naphthyl)-l-
phenylpropan-1-ol. It can therefore be concluded that (-)-1-phenyl-1-(2-
naphthyl)oxirane has the S configuration.
47
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LiAlH 4 Reduction of 1-Phenyl-1-(2-naphthyl)oxirane. A vessel containing
LiAlH 4 (19 mg, 0.50 mmol) and (-)-l-phenyl-l-(2-naphthyl)oxirane (43 mg, 0.18
mmol) in 10 mL of ether was stirred at r.t. overnight. The reaction was then
quenched by the addition of H20 (21 gL), followed by 6 N NaOH (21 gL), and H20
(50 gL). The mixture was filtered, and the organic layer was concentrated and then
purified by flash chromatography (20% Et20/pentane), which afforded (-)-1-(2-
naphthyl)-l-phenylethanol. It can therefore be concluded that (+)-1-(2-naphthyl)-1-
phenylethanol has the R configuration (Table 1, entry 1).
Appendix 1. Data for X-ray Crystal Structure.
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Table 1. Crystal data and structure refinement for 1.
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Unit cell dimensions
Volume, Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
Theta range for data collection
Limiting indices
Reflections collected
Absorption correction
Tmax/Tmin
Independent reflections
Refinement method
Data / restraints / parameters
Goodness-of-fit on F^2
Observed reflections [I>2sigma(I)]
Final R indices [I>2sigma(I)]
R indices (all data)
Absolute structure parameter
Largest diff. peak and hole
C39 H40 Br K 07
739.72
188(2) K
0.71073 A
Monoclinic
C 2
a = 24.373(3) A alpha = 90 deg.
b = 19.154(3) A beta = 102.18(1) deg.
c = 15.525(3) A gamma = 90 deg.
7084(2) A^3, 8
1.387 Mg/m^3
1.327 mm^-1
3072
0.50 x 0.46 x 0.40 mm
1.36 to 28.27 deg.
-26<=h<=32, -25<=k<=25, -18<=1<=20
21366
empirical
0.694345 0.520146
14891 [R(int) = 0.0214]
Full-matrix least-squares on F^2
14891 / 1 / 865
0.960
10342
R1 = 0.0476, wR2 = 0.1178
R1 = 0.0751, wR2 = 0.1307
0.005(6)
0.882 and -0.728 e.A^-3
Table 2. Atomic coordinates ( x 10^4) and equivalent isotropic
displacement parameters (A^2 x 10^3) for 1. U(eq) is defined
as one third of the trace of the orthogonalized Uij tensor.
x y z U(eq)
Br(1)
K(1)
0(101)
0(102)
0(103)
0(104)
0(105)
0(106)
0(107)
C(101)
C(102)
C(103)
C(104)
C(105)
C(106)
C(107)
C(108)
C(109)
C(110)
C(111)
C(112)
C(113)
C(114)
C(115)
C(116)
C(117)
C(118)
C(119)
C(120)
C(121)
C(122)
C(123)
C(124)
C(125)
C(126)
C(127)
C(128)
C(129)
C(130)
C(131)
C(132)
C(133)
C(134)
C(135)
C(136)
C(137)
C(138)
C(139)
Br(2)
K(2)
0(201)
0(202)
0(203)
0(204)
0(205)
0(206)
551(1)
1573(1)
1320(1)
2349(1)
2695(1)
2009(1)
848(1)
487(1)
1193(1)
1476(2)
1380(2)
1561(2)
1362(2)
890(2)
650(2)
905(2)
1380(2)
1605(2)
2206(2)
2598(2)
3233(2)
3588(4)
4121(3)
4285(2)
3935(2)
3297(3)
2957(3)
2405(2)
2802(2)
3090(2)
2886(2)
3416(2)
3560(2)
3200(2)
2667(2)
2513(2)
1598(2)
1088(2)
357(2)
108(2)
332(2)
-159(2)
-273(2)
95(2)
587(2)
711(2)
1605(2)
2105(2)
4204(1)
1584(1)
1383(1)
2347(1)
1206(1)
485(1)
876(1)
2051(1)
10616(1)
14467(1)
13650(1)
15568(1)
14313(1)
13357(1)
13600(1)
14926(1)
15869(1)
14682(2)
13911(2)
13426(2)
12699(2)
12426(2)
11796(3)
11444(2)
11678(2)
12303(2)
13405(2)
13709(3)
13673(2)
14048(4)
14021(5)
13662(4)
13310(3)
13334(2)
13012(3)
13086(3)
15172(2)
14798(2)
13888(2)
13935(3)
13472(3)
12975(3)
12923(2)
13375(2)
12865(2)
12933 (2)
13697(2)
14404(2)
15604(2)
15809(2)
16513(3)
17011(3)
16810(2)
16114(2)
16380(2)
16015(2)
15962(1)
14976(1)
15809(1)
13889(2)
13584(1)
14551(1)
15848(1)
16007(2)
7586(1)
11116(1)
9824(2)
11152(2)
12014(2)
12289(2)
11799(2)
11034(2)
10741(2)
8532(3)
8337(3)
9145(2)
8828(3)
9068(3)
8703(4)
8143 (4)
7901(4)
8253(3)
9473(3)
9072(5)
9655(3)
9327(6)
9842(6)
10652(5)
11050(6)
10419(3)
10780(4)
10294(4)
10968(3)
11786(3)
12717(3)
13276(3)
13980(3)
14132(3)
13586(3)
12880(2)
12449(3)
11729(2)
11117(3)
11224(3)
11131(2)
11375(3)
11468(3)
11308(4)
11057(3)
10969(3)
10669(3)
10450(3)
15415(1)
16054(1)
14784(2)
16057(2)
15777(2)
16002(2)
16775(2)
17266(2)
131(1)
36(1)
42(1)
40(1)
43(1)
39(1)
36(1)
40(1)
41(1)
51(1)
46(1)
36(1)
39(1)
51(1)
69(2)
74(2)
68(2)
52(1)
45(1)
80(2)
58(1)
131(3)
131(3)
97(2)
106(3)
69(2)
92(2)
79(2)
45(1)
43(1)
41(1)
53(1)
57(1)
52(1)
44(1)
35(1)
39(1)
37(1)
42(1)
40(1)
39(1)
48(1)
60(1)
64(1)
59(1)
43(1)
48(1)
48(1)
90(1)
38(1)
44(1)
51(1)
47(1)
41(1)
40(1)
47(1)
0(207)
C(201)
C(202)
C(203)
C(204)
C(205)
C(206)
C(207)
C(208)
C(209)
C(210)
C(211)
C(212)
C(213)
C(214)
C(215)
C(216)
C(217)
C(218)
C(219)
C(220)
C(221)
C(222)
C(223)
C(224)
C(225)
C(226)
C(227)
C(228)
C(229)
C(230)
C(231)
C(232)
C(233)
C(234)
C(235)
C(236)
C(237)
C(238)
C(239)
2751
1521
1405
1605
2257
2620
3189
3418
3077
2497
1410
958
733
257
46
273
727
975
1455
1665
2090
1621
715
599
97
-274
-163
331
121
384
1160
1667
2590
2752
3303
3693
3517
2965
3115
2803
15158
14725
15486
15986
16004
15778
15764
16015
16270
16260
16728
17024
17669
17967
18592
18916
18643
18015
17714
17090
13384
13064
13359
12658
12475
12980
13685
13867
15086
15779
16494
16516
16007
16412
16369
15956
15555
15556
14648
14244
16800(2)
13526(3)
13282(3)
14077(2)
14342(2)
13822(3)
14127(3)
14969(3)
15478(3)
15178(3)
13718(3)
13970(3)
13633 (3)
13857(4)
13507(5)
12891(5)
12599(4)
12991(3)
12762(3)
13126(3)
15440(3)
15746(3)
16007(2)
16125(3)
16354(3)
16446(3)
16339(3)
16118(2)
16195(3)
16096(3)
16715(3)
17456(3)
17779(3)
18528(3)
19002(3)
18703(4)
17965(4)
17514(3)
16540(4)
15780(3)
54(1)
56(1)
42(1)
38(1)
38(1)
51(1)
53(1)
53(1)
52(1)
44(1)
37(1)
42(1)
44(1)
74(2)
100(2)
84(2)
64(1)
46(1)
52(1)
48(1)
53(1)
53(1)
39(1)
55(1)
66(1)
65(1)
52(1)
41(1)
44(1)
44(1)
48(1)
52(1)
54(1)
64(1)
81(2)
93(2)
73(2)
54(1)
62(1)
58(1)
Table 3. Bond lengths [A] and angles [deg] for 1.
Br(1) -C(107)
K(1)-0(101)
K(1)-0(106)
K(1)-0(105)
K(1)-0(103)
K(1)-0(102)
K(1)-0(104)
K(1)-0(107)
K(1)-C(130)
K(1)-C(120)
K(1)-C(129)
K(1)-C(139)
0(101)-C(103)
0(102)-C(139)
0(102)-C(120)
0(103)-C(122)
0(103)-C(121)
0(104)-C(127)
0(104)-C(128)
0(105) -C(129)
0(105)-C(130)
0(106)-C(132)
0(106)-C(131)
0(107)-C(137)
0(107)-C(138)
C(101) -C(102)
C(102)-C(103)
C(103)-C(104)
C(103)-C(110)
C(104)-C(105)
C(104)-C(109)
C(105)-C(106)
C(106)-C(107)
C(107)-C(108)
C(108)-C(109)
C(110)-C(111)
C(110)-C(119)
C(111)-C(112)
C(112)-C(113)
C(112)-C(117)
C(113)-C(114)
C(114)-C(115)
C(115)-C(116)
C(116)-C(117)
C(117)-C(118)
C(118)-C(119)
C(120)-C(121)
C(122)-C (127)
C(122)-C(123)
C(123)-C(124)
C(124)-C(125)
C(125)-C(126)
C(126)-C(127)
C(128)-C(129)
C(130)-C(131)
C(132)-C(133)
C(132)-C(137)
C(133)-C(134)
C(134)-C(135)
C(135)-C(136)
C(136)-C(137)
C(138)-C(139)
1.922(5)
2.516(3)
2.766(3)
2.792(3)
2.812(3)
2.824(3)
2.855(3)
2.859(3)
3.312(4)
3.338(4)
3.379(4)
3.479(4)
1.378(4)
1.415(5)
1.417(5)
1.362(5)
1.436(5)
1.369(4)
1.435(4)
1.419(5)
1.434(4)
1.370(5)
1.435(5)
1.379(5)
1.423(5)
1.516(6)
1.549(5)
1.523(6)
1.547(6)
1.385(6)
1.394(6)
1.406(7)
1.351(8)
1.364(7)
1.381(6)
1.375(7)
1.404(7)
1.623(8)
1.307(9)
1.333(7)
1.375(11)
1.415(11)
1.338(9)
1.654(9)
1.256(8)
1.404(8)
1.497(6)
1.397(6)
1.400(6)
1.393(6)
1.349(7)
1.397(6)
1.387(5)
1.493(5)
1.507(6)
1.386(5)
1.403(6)
1.390(7)
1.368(7)
1.391(6)
1.381(6)
1.505(6)
Br(2)-C(207)
K(2)-0(201)
K(2)-0(204)
K(2)-0(202)
K(2)-0(205)
K(2)-0(206)
K(2)-0(203)
K(2)-0(207)
K(2)-C(229)
K(2)-C(230)
K(2)-C(239)
K(2)-C(220)
0(201)-C (203)
0(202)-C(220)
0(202)-C(239)
0(203)-C(222)
0(203)-C(221)
0(204)-C(227)
0(204)-C(228)
0(205)-C(229)
0(205)-C(230)
0(206)-C(232)
0(206)-C(231)
0(207)-C(237)
0(207)-C(238)
C(201)-C(202)
C(202)-C(203)
C(203)-C(204)
C(203)-C(210)
C(204)-C(205)
C(204)-C(209)
C(205)-C(206)
C(206)-C(207)
C(207) -C(208)
C(208)-C(209)
C (210)-C (211)
C(210)-C(219)
C(211)-C(212)
C(212)-C(213)
C(212)-C(217)
C(213)-C(214)
C(214)-C(215)
C(215)-C(216)
C(216)-C(217)
C(217)-C(218)
C(218)-C(219)
C(220)-C(221)
C(222)-C(227)
C(222)-C(223)
C(223)-C(224)
C(224)-C(225)
C(225)-C(226)
C(226)-C(227)
C(228)-C(229)
C(230)-C(231)
C(232)-C(237)
C(232)-C(233)
C (233)-C (234)
C(234)-C(235)
C(235)-C(236)
C(236)-C(237)
C(238)-C(239)
0(101)-K(1)-0
0(101)-K(1)-0
0(106)-K(1)-0
1.899(4)
2.504(3)
2.785(3)
2.792(3)
2.799(3)
2.800(3)
2.823(3)
2.857(3)
3.316(4)
3.320(4)
3.393(5)
3.496(5)
1.365(4)
1.412(5)
1.444(5)
1.386(5)
1.429(5)
1.385(5)
1.427(5)
1.426(5)
1.431(5)
1.384(5)
1.425(5)
1.356(6)
1.433 (6)
1.518(6)
1.555(5)
1.555(5)
1.563(5)
1.386(6)
1.396(5)
1.369(6)
1.394(6)
1.352(6)
1.392(6)
1.368(5)
1.396(6)
1.406(6)
1.401(6)
1.424(6)
1.369(8)
1.353 (8)
1.385(7)
1.424(6)
1.415(6)
1.373(6)
1.462(6)
1.386(6)
1.392(6)
1.389(7)
1.353(8)
1.395(7)
1.365(6)
1.496(6)
1.501(6)
1.382(7)
1.384(6)
1.391(8)
1.390(9)
1.372(8)
1.381(6)
1.480(7)
(106)
(105)
(105)
95.17
82.23
62.01
(9)
(8)
(8)
0(101)-K(1)-0(103)
0(106)-K(1)-0(103)
0(105)-K(1)-0(103)
0(101) -K(1) -0(102)
0(106)-K(1)-0(102)
0(105)-K(1)-O0(102)
0(103)-K(1)-0(102)
0(101)-K(1)-0(104)
0(106)-K(1)-0(104)
0(105)-K(1)-0(104)
0(103)-K(1)-0(104)
0(102)-K(1)-0(104)
0(101)-K(1)-0(107)
0(106)-K(1)-0(107)
0(105)-K(1)-0(107)
0(103)-K(1)-0(107)
0(102)-K(1)-0(107)
0(104)-K(1)-0(107)
0(101)-K(1)-C(130)
0(106)-K(1) -C(130)
0(105)-K(1)-C(130)
0(103)-K(1)-C(130)
0(102)-K(1)-C(130)
0(104)-K(1)-C(130)
0(107)-K(1) -C(130)
0(101)-K(1)-C(120)
0(106)-K(1)-C(120)
0(105)-K(1)-C(120)
0(103)-K(1)-C(120)
0(102)-K(1)-C(120)
0(104) -K(1) -C(120)
0(107)-K(1)-C(120)
C(130)-K(1)-C(120)
0(101)-K(1)-C(129)
0(106)-K(1)-C(129)
0(105)-K(1)-C(129)
0(103)-K(1)-C(129)
0(102)-K(1)-C(129)
0(104)-K(1)-C(129)
0(107)-K(1)-C(129)
C(130)-K(1)-C(129)
C(120)-K(1)-C(129)
0(101)-K(1)-C(139)
0(106)-K(1)-C(139)
0(105)-K(1)-C(139)
0(103)-K(1)-C(139)
0(102)-K(1)-C(139)
0(104)-K(1)-C(139)
0(107)-K(1)-C(139)
C(130)-K(1)-C(139)
C(120)-K(1)-C(139)
C(129)-K(1)-C(139)
C(103) -0(101) -K(1)
C(139)-0(102)-C(120)
C(139)-0(102) -K(1)
C(120) -0(102) -K(1)
C(122)-0(103)-C(121)
C(122)-0(103)-K(1)
C(121)-0(103)-K(1)
C(127)-0(104)-C(128)
C(127)-0(104)-K(1)
C(128)-0(104)-K(1)
C(129)-0(105)-C(130)
C(129)-0(105)-K(1)
C(130) -0(105) -K(1)
C(132)-0(106)-C(131)
112.27(9)
151.34(9)
112.10(8)
122.05(9)
113.17(8)
155.63(8)
59.44(8)
92.34(9)
119.34(8)
59.66(7)
54.04(8)
112.68(8)
114.04(9)
55.03(8)
115.62(8)
116.04(8)
59.32(7)
152.89(8)
69.81(10)
45.06(9)
25.38(8)
136.90(9)
158.12(9)
83.15(9)
99.62(9)
105.63(10)
137.05(10)
156.32(9)
44.22(9)
24.85(9)
97.26(9)
82.10(9)
175.44(11)
69.02(9)
84.32(9)
24.28(9)
97.51(9)
156.39(9)
43.78(8)
139.16(9)
41.04(10)
138.07(10)
109.72(10)
97.37(9)
157.68(9)
81.51(9)
23.07(9)
135.41(9)
42.63(9)
140.31(10)
40.41(10)
178.02(10)
136.9(2)
112.8(3)
105.4(2)
98.3(2)
116.9(3)
126.3 (2)
116.2(2)
117.4(3)
124.7(2)
114.8(2)
110.7(3)
101.7(2)
98.0(2)
115.7(3)
C(132) -0(106) -K(1)
C(131) -0(106) -K(1)
C(137)-0(107)-C(138)
C(137)-0(107)-K(1)
C(138)-0(107)-K(1)
C(101)-C(102)-C(103)
0(101)-C(103)-C(104)
0(101)-C(103)-C(110)
C(104)-C(103)-C(110)
0(101)-C(103)-C(102)
C(104)-C(103)-C(102)
C(110)-C(103)-C(102)
C(105)-C(104)-C(109)
C(105)-C(104)-C(103)
C(109)-C(104)-C(103)
C(104)-C(105)-C(106)
C(107)-C(106)-C(105)
C(106)-C(107)-C(108)
C(106)-C(107)-Br(1)
C(108) -C(107) -Br(1)
C(107)-C(108)-C(109)
C(108)-C(109)-C(104)
C(111) -C(110)-C(119)
C(111)-C(110)-C(103)
C(119)-C(110)-C(103)
C(110)-C(111)-C(112)
C(113)-C(112)-C(117)
C(113)-C(112)-C(111)
C(117)-C(112)-C(111)
C(112)-C(113)-C(114)
C(113)-C(114)-C(115)
C(116)-C(115)-C(114)
C(115)-C(116)-C(117)
C(118)-C(117)-C(112)
C(118)-C(117)-C(116)
C(112)-C(117)-C(116)
C(117)-C(118)-C(119)
C(118)-C(119)-C(110)
0(102)-C(120)-C(121)
0(102)-C(120)-K(1)
C(121)-C(120)-K(1)
0(103)-C(121)-C(120)
0(103)-C(122)-C(127)
0(103)-C(122)-C(123)
C(127)-C(122)-C(123)
C(124)-C(123)-C(122)
C(125)-C(124)-C(123)
C(124)-C(125)-C(126)
C(127)-C(126)-C(125)
0(104)-C(127)-C(126)
0(104)-C(127)-C(122)
C(126)-C(127)-C(122)
0(104)-C(128)-C(129)
0(105)-C(129)-C(128)
0(105)-C(129)-K(1)
C(128)-C(129)-K(1)
0(105)-C(130)-C(131)
0(105)-C(130)-K(1)
C(131)-C(130)-K(1)
0(106)-C(131)-C(130)
0(106)-C(132)-C(133)
0(106)-C(132)-C(137)
C(133)-C(132)-C(137)
C(132)-C(133)-C(134)
C(135)-C(134)-C(133)
C(134)-C(135)-C(136)
125.5(2)
114.9(2)
116.0(3)
121.6(2)
117.3(2)
114.6(3)
111.9(3)
108.9(3)
108.4(3)
109.8(3)
105.6(3)
112.3 (3)
117.1(4)
119.1(4)
123.7(4)
120.9(5)
118.6(5)
123.0(5)
118.5(4)
118.3(5)
117.7(5)
122.5(5)
117.2(5)
126.4(5)
116.3(4)
113.7(5)
130.7(7)
113.0(6)
115.8(5)
111.9(8)
126.3(9)
124.5(6)
108.9(6)
132.3(7)
110.4(6)
117.4(5)
111.0(6)
129.8(6)
109.3(3)
56.9(2)
90.9(2)
107.5(3)
116.1(3)
124.9(4)
119.0(4)
119.4(4)
121.5(4)
120.0(4)
119.9(4)
124.7(4)
115.0(3)
120.3(4)
108.4(3)
108.2(3)
54.0(2)
90.0(2)
109.2(3)
56.6(2)
88.9(2)
108.2(3)
125.0(4)
115.6(3)
119.4(4)
120.4(5)
120.3(4)
119.7(5)
C(137)-C(136)-C(135)
0(107)-C(137)-C(136)
0(107)-C(137)-C(132)
C(136)-C(137)-C(132)
0(107) -C(138) -C(139)
0(102)-C(139)-C(138)
0(102)-C(139)-K(1)
C(138)-C(139)-K(1)
0(201) -K(2) -0(204)
0(201)-K(2)-0(202)
0(204)-K(2)-0(202)
0(201)-K(2)-0(205)
0(204)-K(2)-0(205)
0(202)-K(2)-0(205)
0(201)-K(2)-0(206)
0(204)-K(2)-0(206)
0(202)-K(2)-0(206)
0(205)-K(2)-0(206)
0(201)-K(2)-0(203)
0(204)-K(2)-0(203)
0(202)-K(2)-0(203)
0(205)-K(2)-0(203)
0(206)-K(2)-0(203)
0(201)-K(2)-0(207)
0(204)-K(2)-0(207)
0(202)-K(2)-0(207)
0(205) -K(2) -0(207)
0(206)-K(2) -0(207)
0(203)-K(2)-0(207)
0(201)-K(2)-C(229)
0(204)-K(2)-C(229)
0(202) -K(2) -C(229)
0(205)-K(2)-C(229)
0(206)-K(2)-C(229)
0(203)-K(2)-C(229)
0(207)-K(2)-C(229)
0(201) -K(2) -C (230)
0(204)-K(2)-C(230)
0(202)-K(2)-C(230)
0(205)-K(2)-C(230)
0(206)-K(2)-C(230)
0(203)-K(2) -C(230)
0(207)-K(2)-C(230)
C(229)-K(2)-C(230)
0(201) -K(2) -C (239)
0(204)-K(2)-C(239)
0(202)-K(2)-C(239)
0(205) -K(2) -C (239)
0(206)-K(2)-C(239)
0(203)-K(2)-C(239)
0(207)-K(2)-C(239)
C(229)-K(2)-C(239)
C(230)-K(2) -C(239)
0(201)-K(2)-C(220)
0(204)-K(2)-C(220)
0(202)-K(2)-C(220)
0(205)-K(2)-C(220)
0(206)-K(2)-C(220)
0(203)-K(2)-C(220)
0(207)-K(2)-C(220)
C(229)-K(2)-C(220)
C(230)-K(2) -C(220)
C(239)-K(2) -C(220)
C(203)-0(201)-K(2)
C(220)-0(202)-C(239)
C (220) -0(202) -K(2)
121.0(5)
124.8(4)
116.0(3)
119.2(4)
108.4(3)
109.6(3)
51.5(2)
87.6(2)
97.87(9)
119.73(9)
114.79(9)
84.28(8)
61.03(8)
155.68(8)
93.64(9)
118.57(8)
110.39(9)
60.51(8)
118.60(9)
55.85(8)
59.50(9)
114.55(8)
147.37(9)
104.67(9)
156.47(9)
58.93(9)
114.20(9)
54.01(9)
116.24(9)
72.16(10)
44.70(9)
159.38(10)
25.20(9)
83.98(10)
100.36(10)
137.90(10)
70.31(10)
84.52(10)
154.62(11)
25.24(9)
44.23 (10)
139.56(10)
96.67(11)
41.81(10)
101.25(11)
137.63(10)
24.62(10)
157.91(11)
97.61(11)
81.82(10)
43.73(11)
173.34(11)
137.59(12)
111.25(10)
97.49(10)
22.58(10)
155.84(10)
132.97(10)
42.10(10)
80.69(10)
140.64(11)
177.18(12)
40.25(11)
138.3(2)
112.4(3)
108.0(2)
C(239)-0(202)-K(2)
C(222) -0(203)-C (221)
C(222)-0(203)-K(2)
C(221) -0(203) -K(2)
C(227)-0(204)-C(228)
C(227) -0(204) -K(2)
C(228)-0(204)-K(2)
C(229)-0(205)-C (230)
C(229) -0(205) -K(2)
C(230)-0(205)-K(2)
C(232)-0(206)-C(231)
C(232)-0(206) -K(2)
C(231) -0(206) -K(2)
C(237)-0(207)-C(238)
C(237)-0(207)-K(2)
C(238) -0(207) -K(2)
C(201) -C(202)-C(203)
0(201) -C(203) -C(204)
0(201)-C(203)-C(202)
C(204) -C(203) -C(202)
0(201)-C(203)-C(210)
C(204)-C (203) -C(210)
C(202)-C(203)-C(210)
C(205)-C(204)-C(209)
C(205)-C(204) -C(203)
C(209)-C(204)-C(203)
C(206)-C(205)-C(204)
C(205) -C(206)-C(207)
C(208)-C(207)-C(206)
C(208) -C(207) -Br(2)
C(206)-C(207)-Br(2)
C(207)-C(208)-C(209)
C(208) -C(209) -C(204)
C(211)-C(210)-C(219)
C(211) -C(210) -C(203)
C(219)-C(210)-C(203)
C(210)-C(211)-C(212)
C(213) -C(212) -C(211)
C(213)-C(212)-C(217)
C(211)-C(212)-C(217)
C(214)-C(213)-C(212)
C(215)-C(214) -C(213)
C(214) -C(215) -C(216)
C(215) -C(216) -C(217)
C(218)-C(217)-C(212)
C(218) -C(217) -C(216)
C(212)-C(217)-C(216)
C(219)-C(218)-C(217)
C(218) -C(219) -C(210)
0(202)-C(220)-C(221)
0(202) -C(220) -K(2)
C(221) -C(220) -K(2)
0(203)-C(221)-C(220)
C(227)-C(222)-0(203)
C(227)-C(222)-C(223)
0(203) -C(222) -C(223)
C(224)-C(223)-C(222)
C(225)-C (224) -C(223)
C(224)-C (225) -C(226)
C(227)-C(226)-C(225)
C(226)-C(227)-0(204)
C(226)-C (227) -C(222)
0(204)-C(227)-C(222)
o(204)-C(228)-C(229)
0(205)-C(229)-C(228)
0(205)-C(229)-K(2)
101.7(2)
116.6(3)
121.7(2)
116.9(2)
117.1(3)
123.8(2)
114.9(2)
112.0(3)
98.1(2)
98.2(2)
117.8(3)
126.0(3)
115.4(2)
117.3(4)
125.3(3)
115.2(3)
112.5(3)
110.4(3)
112.0(3)
110.8(3)
111.7(3)
106.9(3)
104.8(3)
117.3(4)
125.5(3)
117.2(4)
122.0(4)
119.5(4)
119.9(4)
120.3(3)
119.7(4)
120.4(4)
120.8(4)
118.5(4)
118.6(3)
122.9(3)
122.2(4)
122.9(4)
118.1(4)
118.9(4)
121.2(5)
120.5(5)
122.1(5)
118.5(5)
118.2(4)
122.4(4)
119.4(4)
120.4(4)
121.7(4)
109.4(4)
49.4(2)
86.1(2)
109.1(4)
117.1(3)
119.9(4)
123.0(4)
119.5(5)
119.4(5)
121.9(5)
118.8(5)
123.4(4)
120.4(4)
116.1(3)
108.4(3)
108.6(3)
56.7(2)
C(228)-C(229)-K(2) 89.4(2)
0(205)-C(230)-C(231) 107.8(3)
0(205)-C(230)-K(2) 56.5(2)
C(231)-C(230)-K(2) 90.1(3)
0(206)-C(231)-C(230) 107.0(3)
C(237)-C(232)-0(206) 115.8(4)
C(237)-C(232)-C(233) 120.7(5)
0(206)-C(232)-C(233) 123.5(5)
C(232)-C(233)-C(234) 119.0(6)
C(233)-C(234)-C(235) 120.6(5)
C(236)-C(235)-C(234) 118.9(5)
C(235)-C(236)-C(237) 121.5(6)
0(207)-C(237)-C(236) 125.4(5)
0(207)-C(237)-C(232) 115.5(4)
C(236)-C(237)-C(232) 119.1(5)
0(207)-C(238)-C(239) 109.6(4)
0(202)-C(239)-C(238) 107.9(4)
0(202)-C(239)-K(2) 53.7(2)
C(238)-C(239)-K(2) 90.0(3)
Symmetry transformations used to generate equivalent atoms:
Table 4. Anisotropic displacement parameters
The anisotropic displacement
-2 pi^2 [ h^2 a*^2 U11 + ...
factor exponent ta'
+ 2 h k a* b* U12
(A^2 x 10^3) for 1.
kes the form:
U11 U22 U33 U23 U13 U12
Br(1)
K(1)
0(101)
0(102)
0(103)
0(104)
0(105)
0(106)
0(107)
c(io01)
C(102)
C(103)
C(104)
C(105)
C(106)
C(107)
C(108)
C(109)
C(110)
C(111)
C(112)
C(113)
C(114)
C(115)
C(116)
C(117)
C(118)
C(119)
C(120)
C(121)
C(122)
C(123)
C(124)
C(125)
C(126)
C(127)
C(128)
C(129)
C(130)
C(131)
C(132)
C(133)
C(134)
C(135)
C(136)
C(137)
C(138)
C(139)
Br(2)
K(2)
0(201)
0(202)
0(203)
0(204)
0(205)
0(206)
65(1)
36(1)
45(2)
44(2)
35(1)
37(1)
37(1)
40(1)
43(1)
69(3)
65(3)
33(2)
36(2)
42(2)
37(2)
57(3)
63(3)
51(3)
44(2)
60(3)
82(3)
154(7)
75(4)
45(3)
39(3)
126(5)
129(6)
57(3)
43(2)
34(2)
37(2)
40(2)
38(2)
48(3)
48(2)
33(2)
49(2)
42(2)
33(2)
34(2)
38(2)
41(2)
52(3)
53(3)
53(3)
40(2)
53(3)
56(2)
51(1)
44(1)
55(2)
51(2)
54(2)
39(1)
50(2)
48(2)
49(1)
35(1)
44(2)
34(1)
41(2)
42(2)
35(1)
38(2)
32(1)
38(2)
40(2)
43(2)
41(2)
45(2)
49(3)
29(2)
42(3)
40(2)
33(2)
41(3)
37(2)
109(6)
174(8)
99(5)
64(4)
35(2)
74(4)
103(4)
45(2)
44(2)
38(2)
58(3)
76(3)
67(3)
46(2)
42(2)
31(2)
34(2)
48(2)
45(2)
45(2)
55(3)
66(3)
44(3)
42(3)
46(2)
41(2)
42(2)
94(1)
36(1)
49(2)
53(2)
37(2)
39(2)
36(2)
51(2)
253(1)
35(1)
39(2)
42(2)
49(2)
34(2)
34(2)
42(2)
48(2)
43(3)
30(2)
31(2)
36(2)
57(3)
109(4)
113(5)
94(4)
61(3)
57(3)
144(6)
64(3)
144(7)
127(6)
129(6)
212(8)
54(3)
83(4)
63(3)
49(3)
50(2)
43(2)
57(3)
49(3)
35(2)
34(2)
27(2)
36(2)
33(2)
39(2)
40(2)
28(2)
45(3)
58(3)
92(4)
74(4)
38(2)
47(3)
46(3)
110(1)
32(1)
26(1)
53(2)
52(2)
45(2)
31(1)
37(2)
-52(1)
0(1)
-4(1)
5(1)
4(1)
3(1)
-4(1)
3(1)
2(1)
9(2)
2(2)
1(2)
2(2)
5(2)
7(3)
-10(3)
-19(3)
-6(2)
-14(2)
-14(3)
-2(2)
44(5)
-13(6)
-31(4)
-36(4)
-3(2)
9(3)
-31(3)
-1(2)
-4(2)
-2(2)
5(2)
-2(2)
8(2)
0(2)
-3(2)
2(2)
-1(2)
-4(2)
-6(2)
-3(2)
-2(2)
-17(3)
-11(3)
-3(2)
0(2)
13(2)
10(2)
14(1)
1(1)
5(1)
3(2)
-6(1)
3(1)
2(1)
-9(1)
-24(1)
3(1)
12(1)
11(1)
0(1)
-2(1)
2(1)
11(1)
10(1)
3(2)
2(2)
3(2)
-3(2)
-10(2)
-10(3)
-32(3)
3(3)
1(2)
8(2)
34(3)
39(3)
64(6)
-19(4)
-21(3)
18(4)
36(3)
47(4)
-20(3)
17(2)
5(2)
-1(2)
-2(2)
-6(2)
-5(2)
4(2)
3(2)
8(2)
3(2)
-5(2)
3(2)
-4(2)
5(2)
4(2)
5(3)
-4(2)
-5(2)
7(2)
12(2)
-15(1)
4(1)
7(1)
17(2)
15(1)
6(1)
3(1)
1(1)
2(1)
-3(1)
2(1)
0(1)
-3(1)
-4(1)
-6(1)
1(1)
3(1)
6(2)
2(2)
6(2)
10(2)
7(2)
0(2)
8(2)
11(2)
6(2)
1(2)
4(2)
-5(2)
40(5)
74(5)
24(3)
-1(3)
-7(3)
35(4)
42(3)
-6(2)
-1(2)
9(2)
1(2)
7(2)
21(2)
12(2)
7(2)
-4(2)
-7(2)
-7(2)
-5(2)
7(2)
11(2)
15(3)
15(2)
6(2)
5(2)
5(2)
-9(2)
-20(1)
-2(1)
-7(1)
3(2)
-2(1)
-4(1)
1(1)
-10(1)
0(207)
C(201)
C(202)
C(203)
C(204)
C(205)
C(206)
C(207)
C(208)
C(209)
C(210)
C(211)
C(212)
C(213)
C(214)
C(215)
C(216)
C(217)
C(218)
C(219)
C(220)
C(221)
C(222)
C(223)
C(224)
C(225)
C(226)
C(227)
C(228)
C(229)
C(230)
C(231)
C(232)
C(233)
C(234)
C(235)
C(236)
C(237)
C(238)
C(239)
48(2)
57(3)
46(2)
56(2)
47(2)
50(2)
50(2)
44(2)
67(3)
57(3)
44(2)
44(2)
33(2)
54(3)
56(3)
47(3)
51(3)
47(2)
52(3)
57(3)
67(3)
63(3)
52(2)
69(3)
84(4)
63(3)
55(3)
50(2)
44(2)
49(2)
75(3)
74(3)
64(3)
92(4)
114(5)
91(4)
67(3)
50(3)
47(3)
52(3)
54(2)
41(2)
46(2)
30(2)
34(2)
51(3)
47(3)
46(2)
44(2)
40(2)
34(2)
46(2)
48(2)
73(4)
86(4)
61(3)
52(3)
39(2)
48(3)
40(2)
44(3)
39(2)
39(2)
45(3)
57(3)
78(4)
61(3)
51(2)
52(3)
42(2)
34(2)
46(3)
61(3)
64(3)
72(4)
83(4)
57(3)
49(3)
63(3)
59(3)
54(2)
62(3)
33(2)
25(2)
28(2)
51(3)
65(3)
60(3)
36(2)
30(2)
30(2)
34(2)
46(2)
97(4)
163(7)
144(6)
87(4)
49(2)
53(3)
48(3)
49(3)
59(3)
26(2)
52(3)
56(3)
56(3)
37(2)
22(2)
34(2)
39(2)
38(3)
35(2)
29(2)
32(3)
41(3)
82(4)
75(4)
55(3)
76(4)
70(3)
3(2)
-9(2)
-8(2)
0(2)
0(2)
-3(2)
3(2)
5(2)
1(2)
5(2)
-1(2)
2(2)
-4(2)
17(3)
18(5)
21(4)
6(3)
9(2)
15(2)
11(2)
-2(2)
-8(2)
-4(2)
-6(2)
0(3)
-3(3)
-7(2)
-3(2)
0(2)
2(2)
-5(2)
-7(2)
9(2)
0(2)
6(3)
25(4)
18(3)
13(2)
22(3)
11(3)
-4(1)
-2(2)
4(2)
5(2)
1(2)
5(2)
21(2)
-4(2)
-5(2)
-5(2)
1(2)
5(2)
0(2)
21(3)
34(4)
16(3)
10(3)
2(2)
9(2)
16(2)
16(2)
19(2)
8(2)
15(2)
12(3)
18(3)
5(2)
6(2)
3(2)
2(2)
18(2)
10(2)
-7(2)
5(3)
-18(3)
-33(3)
-29(3)
-6(2)
11(2)
26(3)
-1(1)
-11(2)
-7(2)
1(2)
-2(2)
-3(2)
2(2)
-12(2)
-12(2)
-9(2)
-4(2)
-5(2)
-2(2)
11(3)
25(3)
18(3)
-11(2)
-4(2)
-1(2)
8(2)
6(2)
6(2)
-16(2)
-11(2)
-32(3)
-38(3)
-12(2)
-15(2)
2(2)
10(2)
-4(2)
-20(2)
-31(3)
-39'(3)
-52(4)
-38
-13
-12
9
4
(4)
(3)
(2)
(2)
(2)
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